OBJECTIVE -To examine the relationship between daily glycemic index, daily glycemic load, simple sugars, dietary fiber, and the prevalence of a measure of insulin resistance in 30-to 60-year-old nondiabetic Danish men and women.
T
he rising prevalence of disorders associated with insulin resistance, including type 2 diabetes, cardiovascular disease, and the metabolic syndrome, is commonly attributed to changes over time in dietary patterns and physical activity levels (1) (2) (3) (4) . Preventive strategies against these disorders, therefore, often incorporate dietary recommendations. However, only few observational studies have investigated the independent effects of carbohydrate-related dietary factors and obesity on the degree of insulin resistance. The official carbohydrate-related recommendations are high intake of fiber-rich carbohydrates (Ͼ55 E% [energy percent] carbohydrate, 25-35 g fiber), low consumption of sugar (Ͻ10 E% sugar), and five to six servings of fruit and vegetables per day (5-7). No official recommendations exist regarding the glycemic index and glycemic load of the diet.
One observational study involving 2,834 subjects has examined the glycemic index and glycemic load of the diet in relation to a measure of insulin resistance (8). This study suggests that diets with a high glycemic index and glycemic load are positively associated with the prevalence of insulin resistance. Few observational studies have examined the intake of simple sugars in relation to insulin resistance, and in general no associations have been observed (9,10). Most observational studies have not found significant associations between intake of total carbohydrate and estimates of insulin resistance (8,10 -12) . Observational studies have consistently suggested that foods rich in different types of dietary fiber are associated with a reduced probability of developing insulin resistance (8, 11, (13) (14) (15) .
Whereas observational studies suggest that intake of dietary fiber has an important role in determining insulin resistance, the precise nature of the relationships between glycemic index, glycemic load, simple sugars, total carbohydrate, and insulin resistance is uncertain. The dietary recommendations given may therefore not be in favor of the prevention of insulin resistance in particular. The influence of carbohydrate-related dietary factors on insulin resistance thus needs further attention.
The purpose of the present study was to examine the relationship between daily glycemic index, daily glycemic load, simple sugars, dietary fiber, and the prevalence of insulin resistance estimated by the homeostasis model assessment of insulin resistance (HOMA-IR) in 30-to 60-year-old nondiabetic Danish men and women participating in the Inter99 study.
RESEARCH DESIGN AND
METHODS -This study used baseline data from the Danish populationbased Inter99 study, which is an intervention study on diet, physical activity, and smoking with the aim to decrease the incidence of cardiovascular diseases. The overall aim, data collection methods, and nondietary baseline results of the Inter99 study have been reported elsewhere (16, 17) .
In 1999, the study population comprised 61,301 individuals born in 1939 -1940, 1944 -1945, 1949 -1950, 1954 -1955, 1959 -1960, 1964 -1965, and 1969 -1970 , resident in 11 municipalities in the southwestern part of Copenhagen County. All individuals were drawn from the Civil Registration System. An age-and sex-stratified random sample of 13,016 individuals was drawn from the study population and 12,934 were eligible for further examination. All these individuals were invited for a health survey at the Research Centre for Prevention and Health in Glostrup. Baseline data were collected in 1999 and 2000, and 6,784 (52.5%) agreed to participate.
We excluded individuals who did not fill in the food frequency questionnaire (FFQ) (n ϭ 149) and who had missing information on BMI (n ϭ 1), waist circumference measures (n ϭ 8), and fasting circulating levels of glucose or insulin (n ϭ 38). Participants with hemolyzed fasting serum insulin samples (n ϭ 518), previously undiagnosed diabetes (defined as a fasting plasma glucose [FPG] concentration Ն7.0 mmol/l or a 2-h postchall e n g e p l a s m a g l u c o s e [ 2 -h P G ] concentration Ն11.1 mmol/l [18] ), or known diabetes were also excluded (n ϭ 395). Thus, 5,675 individuals qualified for the present analyses.
All participants gave a written consent before taking part in the Inter99 study. The protocol was in accordance with the Helsinki Declaration and approved by the local ethical committee.
Dietary data
The participants completed a selfadministered FFQ during their first visit to the Research Centre. They were asked to report their dietary intake during the month before examination. The FFQ included 198 questions on food items and beverages with additional questions regarding portion sizes of some selected food items. Where no portion size was specified, a standard portion size for women and men, respectively, was used (19) . The consumed quantity of food was obtained by multiplying the portion size with the corresponding consumption frequency. All food items in the FFQ were linked to a food item in the Danish Food Composition Databank (20) . The amount of macronutrients and simple sugars was calculated as energy percentages (E%). In addition, the intake of total carbohydrate and simple sugars was calculated as grams per day (g/day). The reported intake from dietary fiber, fruit, and vegetables was also estimated in grams per day (g/day). A detailed description of the questionnaire and estimation of the dietary intake of the population is published elsewhere (21) .
The glycemic index for carbohydratecontaining food items was estimated using average glycemic index values from the glycemic index table by Foster-Powell et al. (22), with white bread as the reference food. Whenever possible, the method of preparation was taken into account. The daily glycemic index for an individual was calculated by summing the products of the absolute available carbohydrate content in each food item eaten per day and the glycemic index for each food item, divided by the total amount of available carbohydrate eaten (23) (24) (25) . The daily glycemic load was the sum of available carbohydrates in grams ϫ glycemic index for each food item, divided by 100 (26) . The calculation of daily glycemic index and daily glycemic load was based on 57 different glycemic index values ranging from 16 to 147.
Physical activity and smoking
Information on physical activity and smoking was obtained by a selfadministered general questionnaire completed in advance of the first visit. Based on answers about physical activity level during work and leisure time (27) , all individuals were categorized as either being "physically active" or "physically inactive." The group of "physically inactive" was either not physically active at work and during leisure time, only minor physically active at work (sitting/walking) combined with no activity during leisure time, or physically inactive at work combined with minor activity during leisure time (sitting/walking/cycling). Those categorized as "physically active" did at least minor physical activity both at work and during leisure or did moderate amounts of physical activity at work (walking stairways/heavy work) or during leisure time (sport/competitive sport).
Smoking status was categorized as "daily and occasional smokers," "exsmokers," and "never-smokers." Missing values of physical activity (n ϭ 65) and smoking status (n ϭ 41) were classified in separate categories and included in the analyses as such.
Anthropometric data
Waist circumference was measured once with a tape measure under the clothes and midway between the lowest point of the costal margin and highest point of the iliac crest with the participant in the standing position. Weight was measured to the nearest 0.1 kg using either an electronic or mechanical standard weight (Seca 707, Seca 710) with the participant wearing light indoor clothes without shoes. Height was measured to the nearest 0.5 cm with the participant wearing no shoes. BMI was calculated as weight in kilograms divided by the square of height in meters.
Blood samples A standard 75-g oral glucose tolerance test was undertaken in the fasting state in participants without known diabetes. Blood samples for analysis of venous plasma glucose were taken before glucose ingestion and after 120 min in a tube containing sodium fluoride. The blood samples were put on ice immediately and centrifuged within 60 min in a cool centrifuge. The plasma glucose was analyzed using the hexokinase/G6P-DH technique (Boehringer Mannheim, Mannheim, Germany). Blood samples for analysis of serum insulin were also taken before glucose ingestion. Serum-specific insulin was analyzed using fluoro-immunoassay technique (Code Number K6219; Dako Diagnostics, Ely, U.K.).
Classification of glucose tolerance status
By use of the FPG and the 2-h PG values from the oral glucose tolerance test, the participants were classified into categories of glucose tolerance according to the 1999 World Health Organization criteria (18) . Normal glucose tolerance was defined as an FPG concentration Ͻ6.1 mmol/l and a 2-h PG Ͻ7.8 mmol/l. Impaired fasting glycemia was defined as FPG between 6.1 and 6.9 mmol/l and a 2-h PG Ͻ7.8 mmol/l, and impaired glucose tolerance was defined as FPG Ͻ7.0 mmol/l and 2-h PG between 7.8 and 11.0 mmol/l.
Assessment of insulin resistance HOMA-IR was used to estimate the degree of insulin resistance. HOMA-IR was estimated from fasting plasma glucose and serum insulin concentrations using the following:
HOMA-IR ϭ (fasting plasma glucose [mmol/l] ϫ fasting serum insulin [mU/l])/ 22.5 (28, 29) .
Statistical analysis
Baseline characteristics of the participants were computed across quartiles of the HOMA-IR. Linear regression was used to test for linear trend between the explanatory variable HOMA-IR and each selected continuous variable (age, BMI, waist circumference, intake of energy, fat, protein, alcohol, carbohydrate, and simple sugars). For categorical variables (sex, physical activity, smoking, and glucose tolerance status), logistic regression was applied.
To examine the relation between the explanatory carbohydrate-related dietary factors and the dependent variable, HOMA-IR simple (univariate) and multiple linear regression models were used. The assumption of normality of the residuals was not fulfilled for the HOMA-IR. Transformation with the natural logarithm rendered the residuals normally distributed, and analyses were performed on the transformed HOMA-IR variable. As a consequence of the log-transformation of the HOMA-IR, the associations reported are calculated by taking the exponential of the estimated coefficients estimated from the regression analysis for each carbohydrate-related variable. The reported associations with the carbohydrate-related variables are relative changes in the continuous variable HOMA-IR expressed as HOMA ratios with corresponding 95% CIs. The changes in HOMA-IR are thus a result of a specific increase in the carbohydraterelated factor under study.
Sex, age, BMI, waist circumference, smoking, and physical activity were included in the multiple regression models as confounders. Furthermore, adjustment for total energy intake was made in all multiple analyses. In this way, the increase in the carbohydrate-related factor under study is at the expense of the same amount of energy from other unspecified dietary factors.
All analyses were conducted using PROC GENMOD from the SAS 9.1 (SAS Institute, Cary, NC), and a P value of 0.05 was considered significant.
RESULTS -Characteristics of the study population are given in Table 1 . The highest quartile of HOMA-IR included a higher fraction of men and physically inactive individuals as well as a higher frac- tion of individuals with impaired fasting glycemia and impaired glucose tolerance, but a lower fraction of smokers and individuals with normal glucose tolerance compared with the other quartiles. Individuals in the highest quartile of HOMA-IR had higher BMI, waist circumference, and intake of protein (E%) and lactose (g/day), but lower intake of energy (kcal), alcohol (E%), carbohydrate (g/ day), and sucrose (g/day). The large data sample may explain why some of the very small absolute differences across the quartiles of HOMA-IR result in very small P values. No difference in age and carbohydrate (E%) and fat (E%) or glucose (g/ day) and fructose (g/day) intake across the quartiles of HOMA-IR was found.
The associations between the different carbohydrate-related dietary factors and HOMA-IR are presented in Table 2 . Intake of lactose was positively associated with HOMA-IR both in the univariate analyses and after adjustment for potential confounders. The increase in daily glycemic load and in the intake of glucose, fructose, dietary fiber, fruit, and vegetables was inversely associated with HOMA-IR both before and after adjustment for potential confounders. Carbohydrate was inversely associated with HOMA-IR after adjustment for potential confounders. No associations were observed for daily glycemic index or sucrose.
In addition to the results presented in Table 2 , a correlation between daily glycemic load and carbohydrate (g/day) was observed ( 2 ϭ 0.97799). Furthermore, the multiple regression models with daily glycemic index, daily glycemic load, carbohydrate, fruit, and vegetables were adjusted for dietary fiber intake. Inclusion of dietary fiber intake in the model rendered the effects of daily glycemic load (P ϭ 0.51) and carbohydrate (P ϭ 0.41) insignificant. It attenuated the association with fruit and vegetables (P ϭ 0.02), but did not change the association observed for daily glycemic index.
CONCLUSIONS -We found no associations between daily glycemic index, daily glycemic load, and insulin resistance after adjustment for confounders including dietary fiber. Based on evidence from a recent observational study involving 2,834 subjects (8), we had expected to find an inverse association between daily glycemic index, daily glycemic load, and insulin resistance. However, within the few observational studies published examining associations between glycemic index, glycemic load, and risk of type 2 diabetes (23, 24, 26, 30) , inconsistency also exists. The inconsistency may be due to inaccurate estimation of daily glycemic index (31) . The glycemic effect of foods in an individual varies depending on individual food composition, preparation methods, and the composition of the total meal. It is not possible to register these factors in an FFQ. Furthermore, the available carbohydrate content in the same kind of food can vary for instance according to country and season, which also may contribute to imprecise estimates of daily glycemic index. It is therefore questionable whether the estimated daily glycemic index values reported in observational studies reflect the physiological responses measured in experimental meal studies of glucose metabolism (9,32,33). It may thus be inappropriate to examine associations between daily glycemic index and disease in large population-based surveys, where the dietary data collection methods have not been developed with the purpose of glycemic index estimation. More valid data should be available before we can suggest that values regarding daily glycemic index can be recommended. With respect to daily glycemic load, the present study indicates, because of the high correlation between daily glycemic load and carbohydrate (g/day), that an association observed between intake of carbohydrates and HOMA-IR may reflect an association between daily glycemic load and HOMA-IR. This was evident from the analysis in the present study. Development of recommendations regarding daily glycemic load may therefore not be as important as recommendations for daily glycemic index, since recommendations for total carbohydrate intake to a large extent will cover values recommended for daily glycemic load.
With respect to simple sugars, the present study suggests that intake of total sucrose does not affect insulin sensitivity as estimated by the HOMA-IR method. This is consistent with findings from another observational study involving 173 subjects (10). The lack of association between intake of total sucrose and HOMA-IR is probably caused by the fact that sugar (glycemic index sucrose ϭ 68) is often ingested as part of mixed meals, where the glycemic index of the meal may be relatively high because of the starch content (glycemic index white bread ϭ 100). Therefore, intake of sucrose rarely results in a high glycemic postprandial response (25, 34) . The association between dietary intake of total sucrose and HOMA-IR may also have been underestimated, because the participants' glucose tolerance status was not taken into consideration (9). No studies have examined the association between intake of lactose and HOMA-IR. A protective effect of lactose on glucose metabolism was expected, because dietary lactose elicits a relatively low glycemic response in clinical studies (34) . The adverse effect on insulin sensitivity may, however, be a result of the relationship between milk products and lactose, because milk and dairy products comprise not only lactose but also saturated fat, which is strongly associated with increased insulin resistance (35, 36) . Adjustment for saturated fat did not, however, change the observed significant association between lactose and HOMA-IR in the present study (data not shown). It is therefore still questionable whether lactose is associated with higher HOMA-IR values in itself or whether the association is due to other confounding factors.
No other studies have analyzed the association between intake of glucose or fructose and insulin resistance in a crosssectional setting. Fructose has a low glycemic index (22), which physiologically supports the observed inverse association for fructose in the present study. Furthermore, both glucose and fructose are present in fruits and vegetables (37) . Accordingly, beneficial components in fruit and vegetables (e.g., fiber) could be responsible for the observed inverse associations with fructose and glucose. This reasoning is supported by the inverse association observed for fruit and vegetables, which to some extent was explained by intake of dietary fiber in this study.
Any change in the carbohydrate composition of the diet will produce reciprocal changes in other parts of the diet. A concomitant decrease in fat consumption may therefore explain the inverse association between total carbohydrate intake and insulin resistance observed from the multiple regression analysis, as well as it explains findings from other studies (11) . The additional analyses with adjustment for dietary fiber indicate, however, that the inverse association between carbohydrate and HOMA-IR is likely to be caused by a concomitant intake of dietary fiber, which is in agreement with the inverse association for dietary fiber in the present study. Other cross-sectional (8, 11, 13, 14) and prospective studies (12, 15) , which have used various measures of insulin resistance, support our finding regarding dietary fiber. Only one study has not observed any association between intake of dietary fiber and insulin resistance (10). Taken together, our study and most other studies support that high-carbohydrate diets do not adversely affect insulin sensitivity.
Studies examining dietary intake in relation to insulin resistance are difficult to compare. It must be considered that a gene-environment interaction may be of importance (38, 39) . This study and other studies analyzing associations between carbohydrate-related dietary factors and estimates of insulin resistance have not taken into account the genetic predisposition for obesity and type 2 diabetes. However, genetic heterogeneity likely affects the associations between habitual dietary intake and insulin resistance. As more genetic information emerges on insulin resistance, this new information should be incorporated into future nutritional studies.
Furthermore, several methodological issues may affect the results. First, the FFQ used in the Inter99 study did not include specific questions regarding intake of soft drinks, juice, selected sweet products, and some of the relatively new products, such as low-fat and fructoserich products. In addition, only a limited number of questions regarding fruit and vegetables were included. This may all together have resulted in an underestimation in the intake of macronutrients from these products. We assume, however, that these factors have not affected the direction of the observed associations due to the systematic properties of these errors. Second, selection bias may have occurred. Individuals who were obese and overweight or had an unhealthy lifestyle were more likely to participate in the intervention program for lifestyle modification than those who considered themselves living relatively healthy (17) . Hence, the precision (interquartile range) of the observed associations in the present study may have been affected, but the direction of the associations will not be any different for individuals not participating in the study. Finally, we recognize that recall bias is an issue for which to consider using an FFQ (40) . However, as a study of the relation between insulin resistance and intake of carbohydrate-related factors, our study has two strengths: 1) We investigated the associations in a relatively large population and used an FFQ, which is a feasible way to evaluate dietary intakes in large populations (41) . The FFQ is designed to minimize random within-person variation by assessing the average long-term diet (41) , and this is important when dietary data are used to assess diet-disease associations. 2) We analyzed the carbohydrate-related dietary factors and the response variable for insulin resistance as continuous variables in an attempt to minimize the otherwise population-specific effect that do result in studies analyzing the variables as categorical variables.
The present study does not support the hypothesis that habitual intake of diets with a high glycemic index and high glycemic load is associated with increased probability of having insulin resistance as estimated by HOMA-IR. Furthermore, our findings indicate that intake of simple sugars in itself is not associated with an increased probability of having insulin resistance. Intake of dietary fiber explained the observed inverse associations with daily glycemic load and carbohydrates and attenuated the association with fruit and vegetables. These data are consistent with the hypothesis that intake of dietary fiber independent of obesity is important in prevention of insulin resistance. Our findings therefore support the existing recommendations regarding increased intakes of fiber-rich carbohydrates, also with respect to prevention of insulin resistance.
Our findings with respect to the daily glycemic index, daily glycemic load, and simple sugars should be confirmed in large observational prospective studies before any recommendations can be formulated. Future studies should furthermore consider gene-environment interactions.
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